For the design, manufacture and verification, a consistent geometrical model for the product functional geometry is required. In this paper, we analyze the relation of the geometrical model with the design, manufacture, and verification of the geometrical product. Based on the improved GPS language, the new concepts and mathematical tools for the geometrical specifications are defined. A surface model defined in the new GPS can be divided into three models: nominal, specification and verification surface model. Expanded geometrical features exist in three "worlds": nominal, specification and verification worlds. Operations are specific mathematical tools to obtain ideal or non-ideal features, or values of characteristics, their nominal value and their limit(s). The operations used to define the specifications can be divided into seven classes: partition, extraction, filtration, association, collection, construction, and evaluation. With a simple mechanism as an example, the geometrical expression specifications for the functions, design, manufacture and verification of a product are illustrated.
Introduction
With the wide application of CAD/CAM/CAQ at all levels of a product's life cycle, especially at the levels of design, manufacture and verification, a consistent model for the product functional geometry is required. Despite the ability to give a complete definition of an ideal 3D geometrical part, the CAD systems available are still incapable of meeting this need since the functional requirements are not involved [1] . The most conventional method of transforming the functions of a part into geometrical information is through the use of technical drawings.
Although very faithful to the technological culture of the world of mechanics, this solution presents ambiguities associated with the graphic standardized language. As it is, the use of tolerances for expressing the functional aspects of products is not in conformity with the principle of 'unambiguous in meaning' [2] .
Geometrical product specification and verification (GPS) covers the dimensional and geometrical tolerancing, surface properties and the related verifying principles, including measuring equipment as well as the calibration requirements and the uncertainty of dimensional and geometrical measurements. ISO/TC213 on dimensional and geometrical product specifications and verification has been working towards harmonizing previously standardized practices in tolerancing and related metrology, developed shortly after publication of the next generation of the GPS language [3] . The objective of the improved GPS system is to provide a set of engineering tools for economical management of variability in products and processes. The improved GPS is designed as a means of communication in which designers, producers and metrologists exchange unambiguous information concerning the functional requirements of products [4] .
R E T R A C T E D A R T I C L E
2 Geometrical specification model for design, manufacture and verification
Geometrical specifications are the design of a group of permissible errors for a set of characteristics of a workpiece to satisfy the demand for functional performance of the workpiece. It will also define a level of quality in conformity with the manufacturing process, the permissible limits to manufacture, and the definition of the conformity with the workpiece. The geometrical specification is the design step to state the field of permissible deviations of a set of characteristics of a workpiece, accommodating the required functional performance of the workpiece (functional need). It will also define a level of quality in conformance with the manufacturing process, the limits permissible for manufacturing, and the definition of conformity for the workpiece.
The designer first defines a "workpiece" of perfect form with shape and dimensions which fit the functions of the mechanism. This "workpiece" of perfect form is called the nominal model. This first step establishes a representation of the workpiece with only nominal values, which is impossible to produce or inspect because each manufacturing or measuring process has its own variability or uncertainty.
The real surface of the workpiece, which is the physical interface of the workpiece with its environment, is imperfect geometry; it is impossible to completely capture the dimensional variation of the real surface of the workpiece to wholly understand the complete extent of all variation.
From the nominal geometry, the designer imagines a model of this real surface which represents the variations that could be expected on the real surface of the workpiece. This model representing the imperfect geometry of the workpiece is called: the non-ideal surface model (skin model) [5] .
The non-ideal surface model is used to simulate variations of the surface at a conceptual level. On this model, the designer will be able to optimize the maximum permissible limit values for which the function is downgraded but still ensured. Those maximum permissible limits define the tolerances of each characteristic of the workpiece.
Verification is the manufacturing step where a metrologist determines whether the real surface of a workpiece conforms to the field of permissible deviations that have been specified. The definition of this geometrical deviation will be used to adjust the manufacturing process.
The metrologist begins by reading the specification, taking into account the non-ideal surface model (skin model), to know the specified characteristics. From the real surface of the workpiece, he defines the individual steps of the verification plan depending on the measuring equipment. Conformance is then determined by comparing the specified characteristics with the result of measurement [5, 6] .
As shown in Fig. 1 , the geometrical specification model is the means of communication in which designers, producers and metrologists exchange unambiguous information concerning the functional requirements of products.
New concepts and mathematical tools related to geometrical specification
In order to obtain a univocal expression of functional need and geometrical tolerance for design, manufacture and verification, the concept system and mathematical tools related to the geometrical specification model have been structured in the new GPS language [5] . Many important concepts have been defined, such as surface models, geometrical features and operations (for detailed definitions see [5, 7, 8] ). In the following, we analyze briefly these concept definitions and their applications.
Surface models
The surface model is a closed surface representing the complete interface of the workpiece with its environment. It allows the definition of single features, sets of features, and portions of features. The total product is modeled by a set of surface models corresponding to every workpiece. There are three surface models [5, 6] based on the new GPS: -Nominal surface model is a surface model of perfect shape defined by the designer (design intent). A nominal surface model is an ideal feature (see Fig. 2a ).
The "workpiece" of perfect form with shape and dimensions based on the functional need of a product is called the nominal surface model. -Specification surface model is a surface model of nonperfect shape imagined for the writing and reading of specifications. A specification surface model is a nonideal feature (see Fig. 2b ). The "specification surface model" is equivalent to "non-ideal surface model" or "skin model". The specification surface model is a virtual model used to express the specification operator and the verification operator considering a continuous surface. -Verification surface model is a surface model constituted of points identified by sampling of the workpiece with measuring instruments (see Fig. 2c ). A verification surface model is a non-ideal feature, which is constituted by a finite number of points, and is used in verification by coordinate metrology. Fig. 1 The geometrical specification model on the improved GPS
